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CONSIDERABLE INSIGHT into the mech-
anism of cell death in vitro by hyper-
thermia has been gained during recent
years (Dewey et al., 1977; Hahn, 1974).
Besides the direct cytocidal effect of heat,
various environmental or physiological
factors such as blood flow (Song, 1978;
Song etal., 1979) maygreatlyinfluence the
response ofsolid tumours in vivo to hyper-
thermia. In the present study we observed
that whereas functional vascular volume
remains unchanged during heating in a
mammary carcinoma of mice, it decreases
drasticallyafterheating. As a consequence,
an increasing number of tumour cells die
when the tumours are left in situ.
The SCK tumour, a mammary carcin-
oma ofA/J mice, was used. This tumour is
non-immunogenic or very weakly im-
munogenic, and grows well in vitro and in
vivo. Tumours growing in the flank of
female mice were excised, minced and
trypsinized. About 5 x 104 cells able to
exclude trypan blue were injected s.c.
into the leg of female mice. Tumours
7-8 mm in diameter, 8-10 days after the
inoculation, were heated and the func-
tional intravascular volume and cell
survival assayed.
Fortheheating, welightlyanaesthetized
the animals with pentobarbital (0.04
mg/g) and taped them on a plexiglass
board. The board was placed over a
43 5°C waterbath and the tumour-bearing
legs were immersed in the water through
2-5cm diameter holes in the board. The
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intratumour temperature, measured by a
29-gauge thermocouple, rose to 42-9-
43.1°C within a few minutes. We heated
the tumours for 30 min or 1 h and meas-
ured the functional vascular volume using
the 51Cr-labelled red blood cell (51Cr-
RBC) method as described elsewhere
(Song & Levitt, 1971). Briefly, RBC of
A/J mice were labelled with [5lCr]-
Na2CrO4 and about 0 05 ml of suspension
of the labelled RBC was injected into the
tail vein of tumour-bearing mice without
anaesthesia. Fifteen minutes after the
51Cr-RBC injection, the mice were lightly
anaesthetized with ether and the tumours
were excised. Except for heating of
tumour, the same procedure including
anaesthesia was applied to the control
mice. The groin area was cut with scissors
and 0-2-0-3 ml of blood was collected in a
heparinized syringe. We counted the
radioactivity ofthe tumours and in 0 1 ml
of blood obtained from the same animals
with awell-type y-scintillation counterand
calculated the functional intravascular
volume using the following formula:
Vascular volume
_(51Cr activity/g of tumour)
(51Cr activity/ml of blood)
Since the haematocrit of blood from the
tumours may be slightly different from the
haematocrit of blood from the general
circulation, the above-calculated vascular
volume may not be exactly the volume of
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FIG. 1.-Vascular volume of tumours at
various times after heating with 43 5°C
waterbath for 05 and 1.0 h. The intra-
tumour temperature during the heating
was 42-9-43-10C. The vascular volume in
control tumours is also shown. The closed
circles are values for individual tumours
andthe open circles are thegeometric mean
for each group. The bars represent s.e.
circulating blood in the tumours. How-
ever, the data obtained with this method
may suffice in our attempt to quantitate
relative changes in vascular volume in
heated tumours.
Fig. 1 shows the change in thefunctional
intravascular volume in SCK tumour. The
vascular volume of unheated control
tumours was 880 + 1-41 ml/100 g. The
vascular volume in tumours at the end of
a lh heating, measured by injecting the
51Cr-RBC 15 min before the termination
of heating and excision of tumours, was
8-47 + 1-05 ml/100 g. This indicated no
significant change in vascular volume or
blood perfusion during the lh heating
with a 43.50C waterbath. However, the
vascular volume decreased drastically to
0-37+0'08 ml/100 g and 0'42+0-06 ml/
100 g at 7 and 20 h respectively after the
heating. Heating the tumours for only 30
min also produced a remarkable reduction
in vascular volume; the vascular volume
measured 5 and 20 h after heating for 30
min was 0-84+0-15 ml/100 g and 1-23+
0-29 ml/100 g respectively. These results
clearly demonstrated that the blood per-
fusion in the SCK tumour decreased to
less than 10% of control over several
hours after heating for as little as 30 min.
The effects of various temperatures and
duration of heating on the tumour vascu-
lature remains to be investigated.
The mechanism for the profound de-
crease in vascular volume in tumours
after heating is not clear. Reinhold et al.
(1978) observed cessation of microcircula-
tion in tumours growing in transparent
chambers when heated at 42'5°C for 3 h.
Although this studywasratherqualitative,
the general conclusion appeared to be
consistent with ours, that severe vascular
damage occurs in tumours after hyper-
thermia. Von Ardenne (1978) reported
that vascular occlusion occurs when mouse
tumours are heated afterthe tumours have
been made acidic by infusing large
amounts of glucose. Our present study
indicates that the infusion ofglucose is not
necessary to induce vascular damage in
tumours by hyperthermia at 43.50C. Over-
gaard (1978) reported the presence of
hyperaemia, cyanosis, and haemorrhage
in heated mouse tumours. The hyper-
aemia may be caused by obstruction of
outflow of blood from the affected area
(passive hyperaemia). Histopathological
studies indicate that vascular damage may
occur also in human tumours after heat
treatment (Sugaar & LeVeen, 1979;
Storm et al., 1979).
The question then arose whether cells
would be able to survive in the heated
tumours with the severe vascular damage
observed in this study. We therefore
measured the survival of clonogenic cells
in the tumours, using the in vitro assay
method at various times after heating. We
heated the tumours with a 43.5°C water-
bath for 30 min and excised at various
times between 0 and 24 h thereafter, and
prepared a single-cell suspension as de-
scribed above. The cells were cultured in
Falcon tissue-culture flasks with RPMI
1640 medium supplemented with 10%
foetal calf serum, and the clones were
stained and counted 8 days later. Fig. 2
shows the survival of clonogenic cells,
calculated from the number of cells
obtained per gram of tumour times the
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Hours between Hyperthermia and Tumour Excision
FIcG. 2.-Change in cell surx-ival in tumours
at various times afte3r heating with 43 5°C
waterbath for 30 min. The survival of
clonogenic cells M Nas calculated from the
number of cells obtained from I g of
tumour tissue xtheir plating efficiency.
The circles indicate the values for individual
tumours and the line follows the geometric
mean for eachi group.
plating efficiency of these cells. The n-um-
ber of recoverable cells from the control
tumour was 62 2x 107/g, and the plating
efficiency was 55-65%. Thus the number
of clonogenic cells in control tumours was
3-6 x 107/g. The number ofclonogenic cells
in tumours excised immediately after
heating for 30 min was 7 7 x 106/Ig,
, 21-4% of control, the decrease being
mainly due to the decrease in plating
efficiency to 13-2% (22 5% of control).
This suggested that the cells had not been
lysed, but were unable to form clones
when the tumours were excised immedi-
ately after heating for 30 min and cul-
tured. When the tumours were left in 8itu,
the number of recoverable cells pro-
gressively and remarkably decreased until
12 h: 6-1x106 and 9-3x105/g at 5 and
12 h respectively. The plating efficiency
also decreased from 13.2% immediately
after heating to 644% at 5 h. Unlike the
number of recoverable cells, which began
to increase after 12 h, the plating efficiency
started to recover after 5 h, and was
17.2% at 12 h. As a result, the cell survival
was only 1.1% and 0O44% of controls,
respectively, at 5 and 12 h after heat
treatment. At 24 h after the heating, cell
survival was about 300 of control, the
increase being due to a recovery both in
cell number and in plating efficiency.
In this study, we expressed our results
in terms of the number of clonogenic cells
per gram of tumour. This would not be
justified ifthe tumour weight increased on
account of oedema or vasodilation after
hyperthermia. It should be pointed out
that oedema or vascular pooling do not
occur in the heated tumour, whereas
adjacent normal tissue becomes oede-
matous upon heating (Song, 1978). In fact,
we found that whereas the ratios of wet
weight to dry weight were 2 89 and 3-25
in the control and heated mouse skin
(43 0°C, 30 min) respectively, they were
6-22 and 6-20 in the control and heated
SCK tumour respectively.
Our result is in close agreement with the
recent observation by Marmor et al. (1979)
who reported that when EMT6 tumours
of mice were left in situ after heating, the
cell death progressed, and they concluded
that the direct killing of tumour cells by
heat was too small to account for the
frequent cure of tumours by hyper-
thermia.
The tumoricidal effect of hyperthermia
has been related to an increase in immuno-
logical response (Mondovi et al., 1972;
Muckle & Dickson, 1971; Sugaar &
LeVeen, 1979). However, in view of the
fact that the SCK tumour we used is non-
immunogenic, the possibility that the
remarkable cell death during the several
hours after heat treatment was due to
immune mechanisms can be excluded from
the present study. An increase in anaerobic
glycolysis due to hypoxia as a result of
vascular damage would increase the
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acidity in the heated tumours. Such an
increase in acidity may enhance the
lysosomal enzyme activity (Overgaard,
1978). We therefore feel that vascular
damage is the primary cause of delayed
cell death in tumours after hyperthermia.
In this connection, Dewey (1979) reported
that cell survival decreased dramatically
when the cells were left under low pH
conditions for a few hours after hyper-
thermia in vitro. An occlusion of vascu-
lature has been reported to enhance
thermal sensitization of a mouse tumour,
possibly due to an increase in tumour
acidity (Hill & Denekamp, 1978). It is
conceivable that fractionated hyper-
thermia may be more effective than a
single dose of hyperthermia, if vascular
damage can be induced by initial doses of
heat during the course of fractionated
treatment. In conclusion, the tumoricidal
effect of hyperthermia may partly be
attributed to the selective destruction of
tumour vasculatures and subsequent
necrosis in tumours, in addition to the
direct cytocidal effect of heat.
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